renal; obesity; urinary albumin excretion; quantitative trait loci; epistasis OBESITY IN THE OBESE Zucker Lepr fa/fa rat [formerly identified as Zucker obese (fa/fa) rat] is inherited as a single recessive defect that is caused by a mutation in the extra cellular domain of the leptin receptor (LEPR) (14) . The obese Zucker rat has long been used as a model of glomerular disease as it develops spontaneous proteinuria and focal glomerulosclerosis (FGS) (19, 20, 25) . In 1997 we published a longevity study on Zucker (ZK) rats that included 44/45 animals per group and compared ad libitum-fed lean and obese and pair fed obese animals (15) . Albuminuria increased progressively until the age of 30 wk. Pathology was done at necropsy and subsequently confirmed by histological exam of preserved tissues. The ad libitum obese group died prematurely compared with leans, and 90% of the deaths were attributed to renal failure consistent with end-stage renal disease (ESRD, scores of 2-3 on a 0-to 3-point scale representing degeneration of glomeruli including protein filled-dilated tubules). We followed the longevity study with another using female obese ZK rats in which we looked at the effects of estrogen on the severity of renal disease (9) . This paper documented the progression of urinary albumin excretion (UAE) at 5-10 and 21 wk, and histology, using perfused kidneys, indicated the presence of FGS. Following this we looked at the effects of hyperphagia on renal injury (10) in which UAE data were collected every 5 wk until 57 wk of age. Ad libitum-fed obese rats demonstrated mesangial matrix expansion, FGS, and adhesions by 21 wk of age. It is on the evidence presented in these and other experiments that we approached our current research looking to find genes associated with albuminuria.
Association studies in humans have identified genes associated with albuminuria even after adjustment for obesity. Rodent models have been used for investigating location of genes involved in diabetes (5) and chronic kidney disease (11, 12, 22, 27, 28, 30) . The publication of simple sequence length polymorphism markers (2) for several rat crosses in an integrated genetic linkage map and more recent publication of single nucleotide polymorphisms (SNP) maps or panels (24) in genetically defined rat strains have facilitated whole genome scans by providing known markers at defined locations on the genome. Correlations of phenotypic traits with markers on the genome scan can be used to generate quantitative trait loci (QTLs). Some studies in mice have identified QTLs for chromosomal regions underlying UAE even in the absence of obesity (30) . We have searched for QTLs that influence UAE in the Zucker obese rats carrying the fatty leptin receptor mutation Lepr fa/fa . Several mechanisms could account for the correlation of obesity and elevated UAE. First, obesity could directly increase UAE. Second, obesity or other phenotypes correlated with obesity could interact with alleles of genes that then influence UAE. These mechanisms can be tested by crossing obese ZK Lepr fa/fa rats to lean rats with low UAE. The first mechanism predicts that all obese rats develop increased UAE, while the second predicts that only some obese rats develop increased UAE when they have specific genotypes. Brown Norway rats (BN) (Rattus norvegicus) are genetically distinct from ZK rats (Rattus rattus) (3, 21) .
We chose to produce a backcross between ZK Lepr fa/fa obese strain with high (Ͼ1.0 mg/day albumin) UAE and BN Lepr ϩ/ϩ strain with low (Ͻ1.0 mg/day albumin) UAE to identify the genetic basis of renal disease in the ZK Lepr fa/fa obese. A recent report of hydronephrosis in BN rats reported that some animals had evidence for microalbuminuria (18) . We have demonstrated that the BN breeder rats we initially purchased from Charles River (Portage, MI and Kingston, NY) and bred at UC Davis, exhibit almost undetectable levels of UAE and are suitable for the present study. We used total daily UAE as a primary quantitative marker of the development of renal disease without necessarily implying the existence of a disease status. Thus, it is possible that we would find a very different set of QTLs if we had measured ESRD in older animals. We also measured urinary creatinine and calculated urinary albumin-to-creatinine ratio (ACR). In this study, we crossed ZK Lepr fa/ϩ rats to BN Lepr ϩ/ϩ rats (F1) and then backcrossed to ZK Lepr fa/ϩ and selected for fatty Lepr fa/fa to produce BZZ backcross (BC) rats exhibiting a wide range of UAE and ACR levels. Since the present study used young 15 wk old inbred ZK rats, instead of the aged outbred animals from the study showing ESRD, we have also performed pathological analysis of the kidneys. We found evidence of pathology in the young obese ZK rats and evidence that pathology was variable in the BC animals. The present study includes only obese ZK rats. This allowed us to eliminate the effects of the Lepr mutation on the studied phenotypes. Future studies can then be used to examine the interaction of the Lepr mutation with genes that influence UAE. Body weights of the BC animals were highly variable, even though all were homozygous for the Lepr mutation. Thus, the QTL analysis was adjusted for body weight. We identified regions of the genome that may be involved with ESRD because they control UAE. Whether we mapped genes for minimal change disease (26) , nephritis, or ESRD cannot be determined from our studies of 15 wk old animals. The results do confirm that body weight cannot be the direct cause of increased UAE in males since there was no correlation. However, there was a significant correlation of body weight and UAE in females. Thus, it is possible that there is a sex difference such that body weight in females but not males influences UAE.
MATERIALS AND METHODS

Experimental Animals
The protocol was approved by The Animal Care and Use Committee of The University of California, Davis. Rats were bred to produce a spectrum of UAE levels that spanned the range of UAE from lowest (BNϽ0.6) to highest (ZK ϳ134) at 15 wk of age. The F1 cross of BN males ϫ ZK females did not produce the severity of kidney disease to induce the production of high UAE levels (C. H. Warden, S. M. Griffey, S. Hansen, J. S. Stern. Unpublished data). Therefore, we backcrossed the (BNϫZK)F1 females to ZK males to increase the ZK genetic component and the degree of kidney disease. Female obese ZK Lepr fa/fa rats are infertile, and obese males do not breed successfully so ZK Lepr fa/ϩ rats, heterozygous for the wild-type and fatty allele of the leptin receptor gene, must be used for all breeding. At both the F1 cross and the BC rats were genotyped for the leptin receptor gene, and only those testing positive for Lepr fa were selected. This BC was successful in providing 253 rats with a Ͼ100-fold range of UAE levels (see Fig. 1 ).
Rats were weaned between 3 and 4 wk of age and started on the experiment at 5-6 wk when they were old enough to be placed in wire cages for urine collection. They were housed individually in suspended wire mesh cages and had ad libitum access to water and food (Purina stock chow #5012; PMI Richmond, IN). The light cycle was on at 7 AM and off at 7 PM. Body weights were taken weekly. Urine and plasma samples were taken at 5-6, 10, and 15 wk of age. Animals were killed at 15 wk at which time tissue samples were weighed and flash frozen and carcasses were prepared for body composition analysis.
The Lepr fa/fa progeny of (ZK Lepr fa/ϩ ϫ BN Lepr ϩ/ϩ ) F1 ϫ ZK Lepr fa/ϩ (BZZ BC) of 104 males and 133 females were used in analysis. Total body weight (BWT), weights of the right gonadal (GON) and retroperitoneal (RP) fat depots, UAE, and plasma triglyceride (TG) were measured at 15 wk of age. Prior to QTL analyses, UAE and TG were log transformed to approximate normal distribution, and all traits were standardized by centering on sample means and dividing standard deviations so that results were comparable between female and male.
Trait Measurements (Phenotypes)
Body and tissue weights. Body weights were recorded weekly from the age of weaning. Fat depots were weighed at death at 15 wk of age. The right RP and right GON fat depots, right gastrocnemius, liver, spleen, and both kidneys were removed from each animal and weighed. All tissues were immediately frozen in liquid nitrogen and then stored at Ϫ80°C except the left kidney, which was preserved in formalin. The carcass was eviscerated and frozen for possible later body composition analysis.
Urine phenotypes. At 5-6, 10, and 15 wk, animals were housed in stainless steel metabolic cages. Food and water were available ad libitum, and the food was moistened to minimize spillage. Urine was collected for 24 h in flasks containing three drops of a 10% sodium azide solution to inhibit bacterial growth. Urine volumes were measured, and albumin concentration was determined using the fluorometric albumin blue 580 method (16, 17) . Urine creatinine was measured using Assay Designs (Ann Arbor, MI) colorimetric detection kit (cat. #907-030). We used 24-h urine volume to calculate the 24-h urinary creatinine and albumin excretions. ACR was determined as mg albumin/mg creatinine using the 24 h values.
Plasma TG. One day before every urine collection rats were fasted overnight and 500 l blood was collected in heparinized capillary tubes from each rat by tail bleed. Plasma was removed from the centrifuged blood and stored at Ϫ80°C until assayed. TG was measured using enzymatic colorimetric reagents from Thermo DMA (Arlington, TX).
Measures of adiposity. The GON and RP fat depot weights were significantly positively correlated with body weight (Pearson correlation coefficients ϭ 0.5274 and 0.8009, respectively; both P values Ͻ0.0001).
To obtain adequate measures of adiposity, we calculated the relative measure of total of fat depot weights (RP plus GON) to live body weight. We regressed each fat depot weight on total body weight and calculated residuals, which removed phenotypic variation due to body weight from fat depots. Standardized residuals were used for adiposity measure in the QTL analysis. The adiposity measure intends to locate QTL involved in different pathways responsible for adiposity-specific variations.
Genotyping
Genotyping was performed in two steps. First, 100 of the BC rats (50 male and 50 female) exhibiting the most extreme (highest and lowest) UAE levels at 15 wk were selected for genotyping. DNA was prepared from spleen tissue and adjusted to a final concentration of 1 g/ml in water. The BC and ZK and BN parental DNA samples were sent to Edwin Cuppen (Functional Genomics Group, Hubrecht Lab, Utrecht, The Netherlands) for genotyping by sequencing. Cuppen has developed a system for building a candidate SNP database and has tested his system on a wide variety of rat strains (13, 31) . In the BC sample, we genotyped 159 informative SNPs spanning the 20 autosomes. Genotypes were determined by dideoxy sequencing of PCRamplified products, followed by automated calling using Polyphred v4.0 (23) and manual inspection of the sequencing reads. Marker linkage maps were generated with MAPMAKER. The logarithm of the odds ratio (LOD) scores on these 100 BC rats were entirely sex linked so the QTL statistics were based on 50 rather than 100 rats (50 female and 50 male). To improve our n and possibly also our significance of QTL the rest of the rats were also genotyped.
The second genotyping step was performed on all 237 BC samples (including the original 100) in Dr. Cuppen's laboratory by a new Kaspar method (24) using 191 polymorphic new markers. The KASPar protocol was developed in conjunction with KBioscience (http://www.kbioscience. co.uk) and uses allele-specific amplification followed by fluorescence detection (KASPar) for genotyping. Oligonucleotides (two allele-specific 40-mers and one common 20-mer) were designed using the web-based KASPar primer design utility (http://www.kbioscience.co.uk/primerpicker/). The results of both genotyping methods and markers were then merged and reanalyzed.
Histology
The left kidney from ten 15 wk old obese inbred Zucker rats, nine 15 wk old lean ZK rats, and four 15 wk old lean BN rats were fixed in 10% buffered formalin and processed routinely to paraffin blocks. A 4 M hematoxylin and eosin-stained and periodic acid-Schiff (PAS)-stained section was evaluated from each kidney. Assessment of the changes was done in a blind fashion with no prior knowledge of respective strain or grouping. Each kidney was examined histologically for changes including pelvic dilation, interstitial fibrosis and inflammation, tubular dilation, tubular degeneration/necrosis, tubular regeneration, intratubular protein, glomerular sclerosis, mesangial and tubular basement membrane thickening.
QTL Mapping and Statistical Analysis
QTL localization was performed using R package R/qtl (http:// www.rqtl.org/) and R/bqtl (http://hacuna.ucsd.edu/bqtl). We performed single-QTL genome scans and two-QTL genome scans for interacting QTLs by interval mapping method in both a parametric setting (1) and a Bayesian setting (32) . All analyses were adjusted for body weight to account for potential effects of differences in body weight between genotypes. To eliminate the variation in data resulted from the differences in body weight between the two genotype groups, we adjusted trait measurements for body weight by regressing each measurement on total body weight and using the standardized residuals in subsequent analyses. Significance of QTL was determined by permutation analysis with 1,000 permutations (4) and the 95th percentile of the maximum LOD scores of 1,000 permutations was used as the threshold value of the significance for each trait at the 5% genome level. QTL was represented by the marker at or near the QTL peak. The likelihood ratio statistic (LRS) generated by R/bqtl as a measure of the significance of a putative QTL was converted into a LOD score (LOD ϭ LRS/4.6).
Allele Effects for Significant QTL
To assess which allele at the QTL identified caused significant linkage to a trait, statistical analysis was performed using analysis of variance (ANOVA) to test whether the two genotypes contributed differently to trait variation. Data are presented as mean (BWT corrected and normalized) Ϯ standard error of mean (SE) for each genotype. Statistical analysis was performed with SAS 9.1 software (SAS Institute, Cary, NC). P value Յ0.05 was considered as significant unless stated otherwise. Table 1 presents uncorrected data for BWT, GON, RP, left and right kidney weight, TG, and 24-h UAE (5-6 wk, 10 wk, 15 wk), creatinine, and ACR for the 15 wk old parental ZK and BN rats and their BC animals. Figure 1 shows the distribution and means of UAE values for the same populations. Sex difference in each strain was significant (ANOVA P value Ͻ0.001), with exceptions of left kidney weight (P ϭ 0.5952) in the ZK rats and 5-6 wk UAE (P ϭ 0.3177) in the BC animals, so we report descriptive statistics separated by sex. Differences of mean trait scores were significant between the two parental strains, ZK rats and BN rats, in both females and males (ANOVA P values Ͻ0.001). The body weight and fat depot weights were much higher in ZK Lepr fa/fa rats than in BN Lepr ϩ/ϩ rats. In each strain, males had heavier body weight than females; however, female ZK rats exhibited greater gonadal fat compared with male ZK rats. ZK Lepr fa/fa rats exhibited a significantly elevated UAE (261-fold in males, 519-fold in females) compared with BN rats. Because of the high correlation between UAE and BWT (correlation coefficient ϭ 0.6108, P value Ͻ0.001), we adjusted UAE for body weight and found that female ZK rats and BN rats did not significantly differ (22. 
RESULTS
Characterization of Phenotypes of Parental Strains and BC Animals
Pathology of ZK and BN Rats
Overall changes were mild, with the most prominent being the dilation of tubules and presence of proteinaceous fluid within the tubules. Dilation of the renal pelvis was noted in all groups. The cause of pelvic dilation could not be determined from examination of the kidneys alone. After grouping was revealed, there was a clear difference between animal groups: rats of the lean wild-type genotype Lepr ϩ/ϩ and the BN rats had minimal changes with minimal tubular dilatation and no mesangial or basement membrane thickening, while animals with obese mutant genotype Lepr fa/fa had tubular dilation, intratubular proteinaceous material, and mildly increased mesangial and basement membrane thickening (PAS stain) (Fig. 2) . Based on previous studies of Lepr fa/fa rats, these are most likely very early changes that eventually result in interstitial fibrosis and glomerulosclerosis. In Lepr fa/fa rats, interstitial inflammation was mixed when present but overall was minimal except in two cases with suppurative pyelonephritis. In these cases, there was also evidence of tubular regeneration characterized by increased cytoplasmic amphophilia. The Lepr ϩ/ϩ and BN rats had no inflammation. We also examined the kidneys from 12 BC rats that showed variable histological changes consistent with the hypothesis that pathology also varies in the backcross animals (data not shown).
QTL Localization
UAE and ACR QTL. Genome scans for the traits were done on the BC population. Tables 2 and 3 list all significant QTLs revealed by genome scans including the genome-wide LOD scores and threshold values. Significant sex-specific UAE QTLs were seen on chromosome 4 (LOD ϭ 2.9) in females and chromosome 1 (LOD ϭ 3.6) in males (Fig. 3) . Table 2 also summarizes the pair-wise interactions observed in the BC population for UAE. Two pair-wise interactions were detected as significant between chromosomes 10 and 14 (interaction LOD ϭ 5.26) in females and chromosomes 13 and 20 (interaction LOD ϭ 5.69) in males. Figure 4 plots positions on a two-dimensional chromosome grid corresponding to the two chromosomes involved in the interaction. A sex-specific ACR QTL was also observed on chromosome 1 (LOD ϭ 2.86) in males (Fig. 5A) . Although we QTL mapped for both left and right kidney weights, significant sex-specific QTLs were detected only for left kidney weight on chromosomes 3 (LOD ϭ 3.03) and 12 (LOD ϭ 3.03 & 3.05) in females (Fig. 5B) . We found no significant interacting QTL for either ACR or kidney weight.
Main effect QTL and pairs of interacting QTL were searched by a Bayesian method. Although almost of all the main effect QTLs that were detected in a parametric setting were also revealed by Bayesian analysis, Bayesian analysis unveiled an additional QTL on chromosome 7 for GON in the male rats (data not shown). Interacting QTL varied by the different mapping methods while the main effect QTLs were consistent. For UAE, the Bayesian method suggested QTL interactions between chromosomes 2 and 14 (interaction LOD ϭ 3.67, allele effects P value ϭ 0.0017) where the parametric method found significant evidence of interacting QTLs between chromosomes 10 and 14 in females. This implies that there are likely several interactions involving markers on other chromosomes where no QTL interactions were observed in this study. The discrepancy between the two methods perhaps occurred due to lack of statistical power for epistasis.
Allele effects on UAE and ACR variation. Two UAE QTLs demonstrated significant allele effects on UAE variation. At those loci, the UAE score of homozygous rats (ZZ) (i.e., rats with two ZK alleles) was twofold higher than that of heterozygous animals (BZ) (i.e., rats with one BN allele and one ZK allele) as expected because the parental ZK Lepr fa/fa strain exhibited much higher UAE than the BN Lepr ϩ/ϩ strain. Two pairs of interacting loci were detected with significant linkage to UAE. Epistasis appears to require two ZK homozygous (Lepr fa/fa ) loci with higher UAE scores compared with the BN heterozygote (Lepr fa/ϩ ) to cause interaction effects on eleva- tion of UAE scores. The individual locus of the interacting QTLs showed no direct linkages to UAE, only epistatically. Similar to the UAE QTLs, ACR QTL also showed significant allele effects on ACR variation. Interestingly, left kidney weight QTL behaved in a different manner. Despite the heavier left kidney weight as measured in the parental ZK Lepr fa/fa strain compared with the BN Lepr ϩ/ϩ strain, the ACR score of ZZ animals was higher than that of BZ for the QTL on chromosome 3, while the opposite observation was seen for the two QTLs on chromosome 12.
Body composition QTL. QTLs for BWT and RP were detected together on rat chromosome 1 and 3, although additional RP-specific QTLs were identified on chromosome 4 and 10 (Table 4) . QTLs for body composition traits were colocalized, suggesting possible pleiotropic effects of common QTL on correlated phenotypes (P values Ͻ0.001). QTL for TG was detected on chromosome 2 only in female rats.
QTL for adiposity (total weight of fat depots measured, adjusted for body weight) was also observed on chromosome 4
in the BC population of male rats. Adiposity QTL did not overlap with any of QTL for BWT or the unadjusted RP fat pad weight. The phenotypic effect of this QTL is negative, suggesting that the presence of the homozygous ZK alleles suppresses the fat component in body weight. This observation is consistent with the usual outcome of obesity mapping studies as they often find that obese and lean strains are composites of alleles promoting both obesity and leanness (8, 34) .
DISCUSSION
Our pathology results suggest that the 15 wk old animals we studied do not just have elevated UAE due to minimal change disease but have a mild nephritis. Based on previous studies of Lepr fa/fa rats, these are most likely very early changes that eventually could result in interstitial fibrosis and glomerulosclerosis (end stage disease) (15) . Our data cannot determine if the UAE QTLs we have identified are also QTLs for ESRD in older animals as this would require that we perform an aging study on the BC or an a congenic containing a UAE QTL. Our results demonstrate that the ZK Lepr fa allele, and the resulting obesity in homozygous animals, is not the sole determinant of increased UAE in ZK Lepr fa/fa rats. Comparisons of ZK obese Lepr fa/fa to Zucker Lepr fa/ϩ or Lepr ϩ/ϩ lean animals have previously demonstrated that homozygosity for Lepr fa promoted development of renal disease. However, these results could not distinguish between several alternative hypotheses: 1) that homozygosity for Lepr fa causes both obesity and increased UAE, 2) that alleles of other genes present in all ZK rats produce increased UAE in response to obesity, and 3) that alleles of other genes in ZK rats promote increased UAE independently of body weight. We tested the last hypotheses in Lepr fa/fa progeny of (ZK Lepr fa/ϩ ϫ BN Lepr ϩ/ϩ ) F1 ϫ ZK Lepr fa/ϩ (BZZ BC). Our results revealed: 1) that homozygosity for Lepr fa/fa is always linked to body weight, but results in widely varying levels of UAE; and 2) that alleles of several genes unlinked to Lepr fa also influence UAE and ACR. We were able to identify three main-effect sex-specific QTLs, two linked to UAE on rat chromosomes 1 and 4 in males and females respectively and one linked to ACR on chromosome 1 in males. In addition, we located three sex-specific QTLs linked to left kidney weight on rat chromosomes 3 and 12 in females. Further linkage analysis confirmed significant allele effects on UAE variation at those two QTLs identified by QTL mapping and observed an additive pattern at those loci.
Many studies in rat and mouse models identified QTLs associated with the development of renal disease using kidneyrelated traits such as urinary proteinuria and albuminuria (6, 29, 30, 33) . They have also showed the validation of the use of animal models to search for kidney disease genes in humans (11) . In this study, we measured UAE on the parental ZK rats at 5-6, 10, and 15 wk of age. We identified no significant UAE QTL at either 5-6 or 10 wk of age. This is consistent with two possibilities: 1) that there are age-associated changes in UAE and the UAE QTL identified are specific for 15 wk old animals, or 2) that power to detect genotype effects is improved at 15 wk because UAE values are increased even in animals with the resistant BN genotypes.
The QTL mapping analysis exposed significant sex-dependent QTLs of elevated UAE and ACR as well as other body composition traits in the backcross animals. Male ZZ (ZK) homozygotes exhibited 1.9-fold increase of UAE compared with BZ heterozygotes at the peak of the direct QTL of chromosome 1, while the same comparison for the peak of the QTL on chromosome 4 showed 2.1-fold increase of UAE in ZZ compared with BZ females. These results are consistent with the presence of UAE susceptibility alleles in the ZK strain.
Schulz et al. (29) have also shown significant sexual difference in UAE at early ages in MWF rats, where Fassi et al. (7) Fig. 5. Genome-wide LOD score plots for main effects on albumin-tocreatinine (ACR) (male, A) and left kidney weight (female, B). The plot displays LOD scores spanning the 20 autosomes. The dashed line presents the threshold LOD value at the 5% genome level. have demonstrated the higher UAE in only MWF male rats. Because we generated the BC only in one direction, we cannot determine whether sex chromosomes contribute to the significant sexual dimorphism of UAE in the obese ZK Lept fa/fa rats. The validity of the use of rat models in discovery of QTL contributing to the genetic susceptibility of renal disease has been proven in several studies. Also the UAE level is shown to be an excellent predictor of renal disease. However, the disagreement of UAE QTL locations identified in the present study with those in other rat model studies emphasizes that the BZZ BC is unique. This may be because it is the only cross to include obesity or Lept fa/fa mutations. Alternatively, this may be because every cross of two strains can only identify those genes whose alleles are different between the two strains used in the cross.
Because the ZK parental strain exhibited distinct obesity traits compared with the BN rats, identification of QTL affecting obesity traits was also of interest. To search for obesityrelated QTL, QTL mapping analyses were performed on body composition traits such as total body weight and fat depot weights. Comparison of the identified QTLs for body composition traits and UAE found that none of the significant UAE or ACR QTLs overlapped with QTLs of the body composition traits although both the female-specific UAE QTL and RP QTL were found on chromosome 4. This result suggests that UAE and genes that modify the obesity of Lept fa/fa are determined by independent loci in our experimental model. Furthermore, only a small portion of total variance of UAE can be attributed to variation of body composition in the BC animals. Pleiotropic effect of the colocalization of the BWT locus with the RP on chromosome 1 in females remains to be determined.
Our results reveal that 24-h UAE is influenced by genes on several chromosomes in BC animals derived from BN and ZK Lept fa/fa obese. The results are consistent with a model where the Lepr fa mutation itself has a major influence on UAE, but other genes modify this effect. This action is separate from its effect on body weight in this model. We cannot determine if the diabetes or metabolic syndrome caused by the Lepr fa mutation were correlated with UAE since we did not phenotype these traits.
